Descriptions of the first spectra of neon, argon, and xenon 136, comprising calculated wavelengths, calculated wave numbers, relative intensities, and classifications, are presented. The calculated values are derived from currendy best established energy levels, obtained mostly from interferometric observations and adopted as standards by the International Astronomical Union. All listed lines have actually been observed. This paper makes available a compilation of all results previously presented in fragmentary or relatively inaccessible reports with intensities normalized to as nearly a uniform scale as the various observations permit.
Experimental Background
The wavelength limits of the coverage specified in the title represent at the lower end the practical upper limit of photographic response,t and at the upper end the long wavelength liniit of response of lead sulfide detectors cooled to the temperature of liquid nitrogen.
Both of these limits have been set somewhat arbitrarily.
Abundant photographic observations at wavelengths short of 1.2 p,m have not been significantly augmented by radiometric methods. At the upper end of the scale the dearth of energetic transitions at greater wavelengths than the 4j-5g transitions, which have been reported in a previous publication, [1] 2 do not appear to justify the use of detectors responsive to wavelengths greater. than 4 /-tm.
Very complete descriptions of the noble-gas spectra in the photographic infrared region became available ina series of three NBS publications that appeared about forty years ago. The first by Hump~eys and Meggers [2] described Xe I, the second by Meggers and Humphreys [3] covered Ne I, Ar I, all{~ Kr I, and the third by Meggers [4] extended the descriptions of all four of these together with helium to the limit of response of sensitized photographic emulsions, around 13 000 A._ The investigation of these spectra in the extra photographic infra~ed was carried out mostly as a program started in the Radiometry section at the National Bureau of Standards and continued in the Research Department of the former Naval Weapons Center, Corona, California. All lines or unresolved features reported in this article were actually observed in connection with the program. A significant number of these features has been observed independently in other *Work performed partly at the Naval Weapons Center, Corona, California, under the Foundational Re~<"uch Progralll and partl7 at Purdue with &UPport b7 the National Aeronautics and Space Administration and the National Science Foundation. 1 The description of Ne I is started with A 11 143 A becaus~ several very intense lines of the category 3p-4s that are very precisely measured and therefore promising as wave length standards are located between this point and 12 000 A. During 1949, taking advantage of the then newlyavailable lead sulfide detectors developed and constructed by Cashman [5] , Sittner and Peck [6] observed the spectra· of argon, krypton, and xenon between about 1.2 and 1.0 p.m. They excited the spcctra in flash tubes. A short time later Humphreys and Kostkowski [7] at the National Bureau of Standards reobserved these spectra over the same region, making significant exten· sions and including helium and neon in the program. Geissler tubes were employed as sources.
Additional results, permitted by use of. microwaveexcited electrodeless tubes were reported by Humphreys and Paul in 1958 [8) . During the same period Hepner reported observations of Ne I and Ar I [9] , also a little earlier Xe I [10] . Wavelength measurements on Ne I by Rao are included in the book Wavelength Standards in the Infrared [11] . During the period 1960 to. 1965 increments to the descriptions resulting from refinements uf observing techniques were reported at meetings· of the Optical Society of America [12] , [13] . In 1965 Seguier [14] reported the ohservation of several resolved complex features of Ar I between 1.2 and 1.8}-tm by use of a grille spectrometer as designed by Girard [15] -Use of liquid-nitrogen cooling of PhS detectors begun by the author about 1%1 permitted extension of descriptions of noble-gas spectra to 4.0 }-tm and interpretation of the 4f-5g transitions that represented the first observed examples in atomic spectra of essentially pure pair coupling. The results were presented at several meetings [16] , [17] and reported in final form in an article published jointly with Paul, Cowan, and Andrew in 1967 [1] and are not included in this article.
Reobservation of the 3d-4j transitions in Ne I by are omitted therefore from this paper. The article on krypton does not include transitions involving f -levels, since those levels had not been determined precisely by interferometric m~thods. Essentially all the missing transitions are described in the paper by Humphreys and Kostkowski [7] . The most extensive available descriptions of noblegas spectra that include coverage of the infrared region as far as 2.5 f..tm are to be found in the book by Striganov and Sventitskii [21] . Those authors have utilized the data contained in articles ~eferenced here to prepare the compilations. Wavelength Standards in the Infrared [11] contains wavelengths, wave numbers, and intensities of the stronger lines of neon, argon, krypton, and xenon. The wavelength entries are in most instances derived from interferometric determinations of the energy levels involved. A list of calculated vacuum wavelengths of Ar I in the infrared was given by Humphreys [22] in an article describing a new interferometric method of wan:length determination. A similar compilation of argon wavelengths is to be found in the report of Commission 14 of the International Astronomical Union [23J covering the meeting of 1964. A compilation of wavelengths of 136Xe I in the infrared is included in a recent article by Humphreys and Paul r241 reporting interferometric measurements. The list of infrared lines in that article is brief, restricted to only the very intense transitions observable interferometrically, About 1955 a unique radiometric technique for infrared wavelength determination was developed by Humphreys and Paul and first reported to the OSA [25] and later in the referenced article [22] , These investigations will be discussed in the following sections pertaining specifically to individual spectra only as necessary to explain the Ol-igin of tht: t:ut:rgy-It:vt:l Lablt:8 included.
An important consideration prompting the assembly of this material has been the need to achieve a consistent representation of relative intensities. The spectra. were reported in small increments covering groups of observed features that had been produced under varying conditions. In each instance relative intensities were estimated within the groups, but there was no direct relationship between the scales applicable to different groups. Following the trans'fer of the infrared equipment from the Corona Laboratories to Purdue, the amplifying system was modified by the addition of a module to yield a logarithmic output. This modificati~n was designed and built principally by Duane Saufley. Recordings were made of the three spectra under discussion using the modified output. These recordings have provided the principal basis for the estimates of relative intensities reported here. These intensities regarded as reliable over several hundred angstroms are not claimed to be ab:solutely accUlate . fur the t:uLil't: interval covered, since the spectral reponse of the detectors has not been taken into account and the properties of the gratings for different spectral regions only to a limited extent.
The presentation in the form of calculated wavelengths and wave numbers has been chosen because the use of officially adopted level values achieves a precision better by at least one significant figure over that obtainable by direct scanning except in the instance of features observed interferometrically. Such features are indicated where they appear in the tables.
Discussion of Individual Spectra

Ne I
N eon has been used for a very long time as a source of wavelength standards mainly because of the very intense red lines arising from 3s-3p transitions whose wavelengths have been known with high precision for half a century. Mo:st of the enel-gy of tht: ,inflart:d ~Pt:C trum is in the photographic region. The region between 1.2 and 4.0 f..tm is however fairly well populated and many of the lines are particularly useful as internal standards in instances where neon is employed as a car· rier gas in the construction of sources.
Most observations of Ne I have utilized the naturally occurring mixture of the isotopes of mass numbers 20 and 22 in the proportions of about 10 to 1. It is now possible to obtain essentially pure isotopes. However a refinement of observing techniques greater than is usually available is necessary to distinguish between the wavelengths of lines originating respectively in natural neon and neon of mass number 20 or to display the isotope effect in the former. This is because the natural line widths preclude the use of very long iUlt:rft:lenct: palh~.
In common with all noble-gas spectra Ne I exhibits well-developed jK coupling., This is shown to Em increasing extent for levels of large I-value. The f-Ievel pairs are unresolvable. Owing to small electrostatic interaction and consequent small values of the F -parameters the levels of given i-value tend to form very compact groups. This situation also affects the distribution of the transitions so that the pattern of lines is one of relatively isolated groups. Abundance of overlapping transitions makes it difficult to find single lines among the p-d and d-I groups. Many of the s-p transitions are however sufficiently isolated to offer promise of usefulness as standards.
The description of Ne I appears in table 1. It contains 221 entries of which a considerable number are com~ ponents of multiple features unresolved on the records. The calculated wavelengths and wave numbers are derived 'from the set of energy levels recently reported by Kaufluan and Minnhagen [26] . Notable of neon energy levels is therefore included here. The relative values of most of these levels have been approved by Commission 14 of the LA.V. 3 The 3s (not considered in this description),3p, and 4p levels were adopted by LA. V. at the 1955 General Assembly [27] . Values of 4s and. 3d levels were recommended at the 1958 Assembly [28] . A revised set of 4s levels, determined by interferometric observations in the infrared by Humphreys and Paul, NAVWEPS Report 7190, was reported at the 1964 Assembly. These 4s levels were utilized in combination with the previously adopted 3p and 4p levels to prepare a new set of calculated wavelengths of the 3p-4s and 4s-4p transitions, that are reported along with the 4s levels [23] . These transitions covering the range from 8865 to 33 511 A appear promising as wavelength standards for the infrared region. Values of the 4d levels have not been adopted by the I.A.V.
Kaufman and Minnhagen [26] have discussed the selection of level values other than I.A. V. adoptions. In particular these selections include the values of 4/ levels reported by .Tohannson [18] and the 5fby Litzim [19] . The absolute scale of the level system has been established by setting the value of the ground level S2p 61S0 equal to zero. This is the same practice used by Moore-Sitterly in A.E.L. [29] . However a new measurement of the wave number of the transition 2p 61S 0 -2p 5 (3Pl1/2)3s[P/2]~ by Kaufman and Minnhagen [26] giving 134 459.28 cm-I and superseding the result reported by Petersson [30] has led to a shift of the scale relative to A.E.L. amounting to 1.950 em-I. The precision of the calculated wave numbers and wavelengths depends upon the uncertainties of the energy-level values entered into the computations. Most of the levels have been adopted by the I.A.V. The rest were selected on . the basis of the best experimental evidence available. In some cases these had not been adopted by the I.A.V. because of an insufficient number of independent concordant observations. In all cases the values of the levels were carried to 10-4 or 10-3 em-I. Accordingly where both levels involved in a transition are carried to four or three decimal places, the same number of places are retained in the wave numbers. For the sake of uniformity and following the practice of the I.A.V. in recent reports the same number of places·is retained for the wavelengths. At a little beyond 22 000 A an uncertainty of 0.001 cm-I in the wave number is equivalent to 0.005 A in the wavelenglh. IL i~ therefore probably not advantageous to express wavelengths to more than two decimal places beyond that point. The actual location of an unresolved feature involving a transition between a single level and two others that are pair coupled depends on the relative intensities of the two resulting component lines. Such features should not be selected as wavelength standards. 3 Commission 14 has always designated noble-gas levels in the Paschen notation. In this article the particular category of levels is indicated by the .l-value of the valence electron preceded by its n-value.
Ar I
Naturally occurring argon is a mixture of three isotopes of even mass number, of which 99.6 percent is the isotope of mass number 40. The spectrum is therefore entirely free of hyper fine structure, and for practical purposes, of isotope effect. It has been used extensively as a source material for producing wavelength standards because of the homogeneity of the lines, the abundance of the element, and ease of operation of sources of simple design. Values of the energy levels, 4s, 4p, and 5p were adopted by Commission 14 of the LA.V. at the 1955 Assembly [27] . These adopted values were based mainly on interferometric measurements by Burns and Adams [31] , by Littlefield and Turnbull [32] , and by Humphreys [33] . Following the first submission of interferometrically measured infrared wavelengths in the extraphotographic region to the LA.V. Assembly in 1958. Commission 14 provisionally adopted the values of the 5s and 3d levels. Confirmatory concordant results obtained independently were reported at the 1961 Assembly [34] . Following subsequent new interferometric observations in the 1.0 to 2.0 /Lm region by Humphreys and Paul, Commission 14 adopted improved values of the 5s and 3d levels at the 1964 Assembly [23] . Further interferometric observations in the same region led to a determination of the 4/ levels [35] , and jn one instance to a direct observation of a resolved I-pair. The foregoing explains the selection of most of the levels used in preparing the description. The 4d and 6s levels have been based mostly on the measurements of Burns and Adams [31] and the entries in A.E.L. [29] , where the values have not been discussed specifically in this article. Table 2 , comprising 325 entries, displays the descrip-t~on of the Ar I spectrum in the infrared region. These entries are associated with individual transitions. . In many instances recorded features represent unresolved related pairs or juxtaposed lines where there is a probable energy contribution from each. Table 3 contains the energy levels entered in the calculation of the description.
The Ar I results were assembled prior to some new interferometric observations in the photographic region. Norlon [36] has published a set of wavelengths between 5152 and 6953 A. Observations by Li are now in progress at Purdue. The justification for the recent observations is that although the spectrum has been extensively investigated there have not been a sufficient number of concordant observations to permit final adoption of some of the~nergy levels. The new determinations are not expected to change the values of many of the levels by as much as 0.001 em-I. It has not been regarded as justifiable to await new energy-level values that might supersede some of those used in the reported calculated wavelengths.
136Xel
Interest in xenon as a source material for the production of wavelength standards was aroused only when the techniques of isotope separation made available the, isotope of mass number 136. Owing to small Doppler broadening the lines of xenon isotopes of even mass number should be sharper than those of any of the other noble gases. A further special advantage for in- In addition to bringing together the descriptions of the infrared spectra of neon, argon, and xenon 136, in a single compilation, this article should provide a list of wavelengths of sufficient precision and adequate distribution to be useful as a set of wavelength standards for the region covered.
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